In order to reach the new horizon of the space physics research, the Plasma Universe, via in-situ measurements in the Earth's magnetosphere, SCOPE will perform formation flying observations combined with high-time resolution electron measurements. The simultaneous multi-scale observations by SCOPE of various plasma dynamical phenomena will enable data-based study of the key space plasma processes from the cross-scale coupling point of view. Key physical processes to be studied are magnetic reconnection under various boundary conditions, shocks in space plasma, collisionless plasma mixing at the boundaries, and physics of current sheets embedded in complex magnetic geometries. The SCOPE formation is made up of 5 spacecraft and is put into the equatorial orbit with the apogee at 30Re (Re: earth radius). One of the spacecraft is a large mother ship which is equipped with a full suite of particle detectors including ultra-high time resolution electron detector. Among other 4 small spacecraft, one remains near (~10km) the mother ship and the spacecraft-pair will focus on the electron-scale physics. Others at the distance of 100~3000km (electron ~ ion spatial scales) from the mother ship will monitor plasma dynamics surrounding the mother-daughter pair. There is lively on-going discussion on Japan-Europe international collaboration (ESA's Cross-Scale), which would certainly make better the coverage over the scales of interest and thus make the success of the mission, i.e., clarifying the multi-scale nature of the Plasma Universe, to be attained at an even higher level.
explosive phenomena in the solar corona, in which magnetic reconnection is playing a crucial role. It is, however, only in the magnetosphere that detailed in-situ data of the phenomena can be obtained.
Magnetosphere as a Precious Field for the Study of the Plasma Universe
Towards the true understanding of the Plasma Universe detailed observations are not only better but are essential. The reason for this is that plasma gas filling the Plasma Universe is in a state that is beyond our common sense based on our daily experience. Space plasmas are mostly in the extreme state of "collisionless", where constituent particles do not collide with each other but interact with each other solely via electromagnetic fields.
The collisionless-ness sets the thermo-dynamical relaxation time scale to be much larger than the dynamical time scale and thus there is no dissipation process that is taken for granted. Lack of quick relaxation makes a nonMaxwellian distribution function to be everywhere. Non-thermal particles are not necessarily minor and are not always to be treated as test particles but can play a significant role in determining the time evolution of the system. Energetic particles are everywhere in the Plasma Universe because their energies are not lost by collisions with the less-energetic component. Explosive phenomena occur because usual relaxation processes, which tend to make a phenomenon more "diffusive", are absent and the dissipation processes that trigger them show anomalous behaviors.
All these fascinating aspects of space plasma dynamics have their roots in the collisionless-ness of the plasmas. This means that MHD is only a rough approximation and, if we are to really understand the behavior of space plasmas, however large-scale as a whole the phenomena we are dealing with, we would ultimately have to describe them with kinetic effects fully taken into account. Observational data that directly support effort of this kind is particle data (velocity space distribution function data) obtained in a in-situ manner. Electric and magnetic field data are also essential in understanding the dynamics of the particles. In any case it is only in the magnetosphere that this kind of data can be obtained.
Cross-Scale Coupling in Collisionless Space Plasmas
Our interest in the space plasma physics and in the magnetospheric dynamics is often biased towards large scale phenomena that have global impacts. When the overall spatial scale of the process is larger than the ion-scales, it is said that the MHD equations is a good enough approximation to describe the long term behavior of the system. There is no denying the usefulness of the MHD equations as a starting point of discussion. This, on the other hand, does not mean that describing space plasma dynamics by the MHD equations in the present form is the ultimate goal of our research. This should be the same in the context of the Plasma Universe research as well: Here particle acceleration, which is totally out of the scope of MHD, is often listed as one of the most important topics.
We have seen that the fascinating aspects of magnetospheric processes root in the collisionless-ness of the plasma. In a dynamic situation the on-linear dynamics at MHD-scale would give birth to smaller-scale (ion and electron) dynamics. The sub-MHD dynamics often have substantial feed-back to the parent large-scale dynamics. The large-scale dynamics will then be altered by the effects of the sub-MHD dynamics. Then the altered MHD field will be sensed by the sub-MHD dynamics as the change in the boundary condition leading to the next feed-back step. The true understanding comes only when this temporally varying linkage among the scales is truly appreciated. The MHD system in the present form treats sub-MHD scale dynamics only in an ad-hoc manner. On the other hand, most of the previous studies on kinetic effects have dealt only with sub-MHD scales by isolating them from larger-scale dynamics. Efforts to estimate a transport coefficient resulting from the sub-MHD dynamics have been made but this approach becomes unsatisfactory when the cross-sscale coupling evolves dynamically. Our argument here is that the traditional "transport coefficient" approach does not fully appreciate the wonder of the collisionless plasma physics and does not capture the essence of the nature.
It is the dynamical coupling among the scales, from the electron-scale up to the MHD-scale, upon which the new perspective on the Plasma Universe research should focus. Since space plasmas lack usual dissipation, the coupling among the scales is dynamic and we should search for a framework of understanding that truly features this aspect.
Building Blocks of the SCOPE Mission
Equipped with new instruments that enable us to inspect magnetospheric dynamics with this new perspective, anywhere in the dynamic magnetosphere becomes an unexplored region. With these new data-based inputs we will be able to step forward to the magnetospheric dynamics of the next generation.
The SCOPE mission is designed such that observational studies from the new perspective, that is, the crossscale coupling viewpoint, are enabled. The orbit is so designed that the spacecraft will visit most of the key regions in the magnetosphere, that is, the bow shock, the magnetospheric boundary, the inner-magnetosphere, and the nearEarth magnetotail. The key issues in the mission concept are (1) high-time resolution electron measurements and quantitatively assessment of wave-particle interaction (2) full coverage over the particle energy range of interest, and (3) simultaneous measurements at more than one-scale.
THE SCIENTIFIC INSTRUMENTS ONBOARD SCOPE

Overview
The SCOPE formation flying observations will enable simultaneous multi-scale measurements and thus investigation into the coupling among the scales. The SCOPE formation consists of 5 spacecraft (Figure 1 ). The mother s/c is the large s/c and is capable of 10 msec electron detection. It will also have a new particle detector that measures particles in the thermal/non-thermal transitional energy range. The near-daughter will stay within 10km from the mother and the s/c pair will focus on the wave-particle interaction at electron-scale. The near daughter will have its spin axis pointing toward the Sun so that very precise measurements of the north-south component of the electric field can be obtained as well. 3 far-daughters will study physics at electron scales when the distance from the mother is small (<100km: Phase 1) and will monitor plasma environment at ion and MHD scales when the distance is made larger (>100 km: Phase 2).
The key regions to be visited by the spacecraft are the bow shock, the magnetospheric boundary, the innermagnetosphere, and the near-Earth magnetotail. These are the key regions in the magnetospheric physics and are the regions which host plasma dynamics that are of fundamental importance in the context of the Plasma Universe.
Instrument Highlights
Fast Electron Detector In order to resolve electron-scale, ultra-high time resolution electron measurements in the energy range of 10eV ~ 40keV is indispensable. So far, electron distribution functions have been measured with the time resolution of the order of a second in the Earth's magnetosphere. If full coverage over the pitch angle sphere is not requested, Cluster PEACE instrument can give 125 msec time resolution. Some exciting results are being obtained from fortuitous events in which the instrument happened to have nice field of view at the right time. For a systematic study to be performed by the SCOPE mission, however, it is mandatory that fully 3-D electron velocity space distribution function be measured with 10msec time resolution. This super high time resolution electron spectrometer needs a large enough geometrical factor for measuring tenuous electrons in a fully developed reconnection region of the magnetotail.
Medium-Energy Particle Detector
It is well known that electrons and ions are accelerated to ~100keV range around a reconnection region in the magnetotail. The acceleration process, however, is not yet well described due to insufficient time resolution of the medium energy range (~10keV/q -200keV/q) particle measurements. Acceleration efficiency would depend on the ion mass, pointing to the need to identify the ion species. For the SCOPE mission, new electron and ion medium-energy spectrometers with time resolution of the order of a spin period (several seconds) are required. Ion medium-energy range spectrometer has to have quite a large geometrical factor so that ion mass spectrometry is possible.
Spin-Axis Antenna Three component measurements of wave electric and magnetic fields are essential in the SCOPE mission to realize the quantitative study of wave-particle interaction. While the antennas for the detection of fields on the spacecraft spin plane are the long wire antennas with well-matured deployment system, the measurements of the third component requires a spin-axis antenna which is not easy to install. Since the properties of the spin-axis antenna are coupled to the spacecraft attitude dynamics, it should be very stable during/after its deployment. The total weight including its deployment and stabilizer system becomes easily large while the weight budget of a spacecraft is always limited, especially for the small daughter s/c. In the current planning, a 10m tip-totip spin-axis electric field antenna is under considered.
Wave-Wave Correlation Wave-particle interaction constitutes the channel via which cross-scale coupling from larger-than-ion scales to sub-ion scales is established. The Wave-Form Capture (WFC) receivers are installed on all the SCOPE spacecraft to make a quantitative study on this issue possible. The observed waveforms contain the information on their phases as well as their amplitudes. With the relative accuracy of the distances and of the clocks given, the wave-wave correlation analyses allow us to identify the spatial distribution of the wave source region and of the wave energy-flow. Furthermore for electrostatic waves, the WFC receivers located in 5 different points would show the three-dimensional potential structures at the different scales, one being at the scale between the mother and the near-daughter s/c, and the others being at the scale between the mother and the far-daughter s/c. The simultaneous observations of these two different (one comparable to and the other much beyond the Debye length) scales provide us with fruitful information on electron dynamics.
Three-Component DC E-field Measurement by the Mother-Near-daughter Pair
Accurate and high-time resolution measurements of electric fields are essential for space plasma studies especially when we are concerned with electron-scale. One typical measurement techniques is the double probe method, which measures the potential difference between two top-hat probes. The two E-field components in the spin plane can be measured by the long wire antennas on the spacecraft spin plane, which is a well-matured method. The spin-axis antenna for detecting the wave E-field is planned, however, the antenna length is too limited to guarantee the accuracy of the DC E-field measurements. Our strategy to detect three-component DC electric field is to utilize the mother and the neardaughter pair. We tilt the near-daughter spin axis to the Sun. Then the mother spin-plane antenna detects in-plane components, say, X and Y components, and the near-daughter spin-plane antenna detects the Y and Z components. Since the separation between the mother and the near-daughter is negligible from the the ion-scale viewpoint, this scheme assures the first continuous, stable, and very accurate ion-scale three-component DC electric measurements in the whole key regions in the magnetosphere.
Strategic Design of the Mission
Key Roles of Each Spacecraft
The Mother This large s/c will make 10 msec time-resolution electron measurements, the key measurements that enable investigation into electron-scale. With the new instruments covering the 10-100 keV energy range, full coverage over the energy range of interest will be made. Wave-particle correlator that focuses on the electron Figure 1 The SCOPE formation. Installed on the big mother ship are full suite of particle detectors including ultrafast electron detector. The near-daughter spacecraft will point its spin-axis toward the Sun and make unprecedented accurate measurements of vertical electric field component. The mother-daughter pair will take care of the electron-scale while other three will monitor larger-scale plasma dynamics. This setting of the spacecraft allows simultaneous multi-scale measurements of space plasma dynamics.
interaction with high frequency waves is also installed onboard. This s/c will be handling the data obtained by, and relaying the commands from the ground to, the daughter spacecraft in Phase 1 (inter-s/c distance <100km) .
The Near-Daughter This small s/c will stay less than 10 km from the mother s/c. The attitude of this s/c is such that the spin axis will point to the Sun. This makes accurate measurements of the vertical DC E-field component possible. Since the distance from the mother s/c is negligible in an ion-scale unit, 3-components of ionscale DC E-field will be obtained by combing the E-field data from the two s/c. 3 components of E and B wave fields are measured, allowing us to make quantitative analyses on wave-particle interaction.
The Far-Daughters When the inter-s/c distance is small (<100 km: Phase 1), far-daughters are also devoted to electron-scale by utilizing curlometer technique and by focusing on wave-particle interaction. When the distance is large (>100km: Phase 2), they become the large-scale dynamocs monitors with the spin period (~3 sec) time resolution.
Orbit and Formation
Orbit The orbit is equatorial with the apogee at 30 Re geocentric distance. The latitude has to be controlled so that the spacecraft are in the tail-box at the apogee on the midnight meridian plane. The apogee distance and the insertion into the tail-box are the crucial issues to increase the interval for the spacecraft to stay in the plasma sheet and to enhance the scientific return of the mission. This orbit allows the spacecraft fleet to visit all the key regions of the bow shock, the magnetospheric boundary, the inner-magnetosphere, and the near-Earth magnetotail.
Attitude The spin rate for all the spacecrafts is 3 sec. The mother and the far-daughters have their spin axes orthogonal to the orbit plane. The near-daughter will have its spin axis pointing to the Sun. This realizes uniform sun-lit condition of the spacecraft, which is crucial for the accurate measurements of the E-field component in the north-south direction.
Formation The mother-far-daughter formation shape should be close to regular tetrahedron in the proximity of the apogee, which is the best shape for obtaining spatial information. Our study shows that the formation stays in good shape along about half of the orbit encompassing the apogee without any control by thrusters, implying that scientifically significant target regions encountered off the apogee can still be studied by making full use of formation observations.
Inter-Spacecraft Distance The distance between the mother s/c and the near-daughter is <~10km. In Phase 1 the inter-spacecraft distance between the mother s/c and the far-daughters are ~100km. Thrusters onboard fardaughters are used to extend it to ~1000km in Phase 2.
Required Accuracy in Distance Determination and Time-Synchronization To meet the scientific objectives of the inter-spacecraft correlation study on electron-scale dynamics, high accuracies are required in synchronizing onboard time counters of each spacecraft and in determining relative distance between each pair of spacecraft (in Phase 1). The necessary accuracy of the onboard time counters is estimated to be 0.1msec when the motherdaughter separation is 100km. On the other hand, the relative error of the inter-spacecraft distance determination is required to be less than 1%. Our bread-board-model shows that this is doable with a reasonable instrumentation.
Inter-Spacecraft Communication in Phase 1
During Phase 1 when the separation distance between the mother and daughter satellites is ~100 km, all the data of the daughter satellites are transferred through the mother s/c to the ground. The current planning sets the X band telemetry rate between the mother s/c and the ground at 4 Mbps because of the legal restriction. Since the expected data production rate of the full-resolution mode is ~60 Mbps, only a part of the full-resolution data can be sent to the ground. Therefore, a highly efficient data selection scheme is necessary. The best way is that (1) all the full-resolution data obtained from each satellite are once gathered to and stored on the mother s/c and (2) interesting events are selected by inspecting all the data with the mother s/c CPU. However, the telemetry rate between the mother and the daughter satellites is rather narrow, ~40 kbps average for each daughter at the separation distance of ~100 km in the present planning, which makes abandoning the once-transferred data to the mother s/c, which is indeed costly, not reasonable. Instead all the data that are once gathered to the mother s/c should be transferred to the ground. With this in mind, we have the following scheme to handle with limited resources available the huge dataset obtained by the high-time resolution observations. Burst Trigger The data that is worth of the transfer to the mother s/c must be selected beforehand by each daughter s/c individually. Hereafter, the selected data is called "burst data." When a spacecraft detects an event that satisfies some selection criteria, high time resolution data are recorded. After the event, only the time-tags of the burst data interval are transferred to the mother s/c. For each event collecting interval, the mother s/c makes the list of events with the priority ranking. Then only those data from the events with higher ranking are requested to be transferred.
Data storage The event selection and the data transfer scheme described above requires large volume data storage to be installed on each spacecraft. Our current planning puts ~1 GB HDD (or memory) onboard daughter s/c while 100GB HDD onboard the mother s/c. Space environment testing of HDD is already being conducted.
Commanding During Phase 1, all the commanding to the daughter s/c is issued via the mother s/c because the view-angle separation from the ground is too small for individual commanding to be possible.
Phase 2
During Phase 2 when the mother-far-daughter s/c separation is ~1000 km, all the data transfers are done individually from each far-daughter s/c to the ground. No cooperative data selection procedure is performed because the inter-satellite communication link is unavailable.
NOTES ON CROSS-SCALE
The four s/c formation flying observations of Cluster resolved the ion-scale dynamics. Themis with widely distributed five probes will perform MHD-scale multi-point measurements. MMS with the four s/c formation will resolve the electron-scale dynamics. These missions, however, can resolve only one-scale at a time. Combining the knowledge from these missions is not enough, for it is the temporally varying interaction among the scales that we are to understand. Since the simultaneous multi-scale measurement is the natural next step in the postCluster/Themis/MMS era, it is not surprising that European scientists have been thinking about the mission concept Figure 2 The Cross-Scale formation. One can clearly see that, with ~10 spacecraft surrounding the motherdaughter pair, the ability to grasp the multi-scale nature of the space plasma dynamics is highly enhanced by the international collaboration.
that has the same target as SCOPE. The European idea puts more weight on full coverage over the scales by large number of rather simple s/c. While this is obviously a good idea, it is even better when combined the SCOPE mission equipped with full capability at electron-scale. In this sense, we are happy to note that there is lively ongoing discussion regarding the possibility of the international collaboration. The name of the merged mission is Cross-Scale and it has been selected to proceed to the assessment phase in the first round of ESA Cosmic Vision 2015-25 Call for Proposals. Figure 2 leaves the strong impression that Cross-Scale is indeed the next generation mission and that this mission should happen.
